The effect of shearing on the polymorphic behavior of palm oil-based fat blends with low (LT-Fat) and high (HT-Fat) trans-fatty acid contents during storage was investigated. A shear stress was applied to fat blends at 5℃ or 10℃ by the flat-crush method or after rapid or slow cooling by the syringe-extrusion method. The fat networks were evaluated by cryo-scanning electron microscopy (SEM), polarized light microscopy, and solid fat content measurement, and the polymorphic transition from the β′-form to the β-form under thermal thawing between 5℃ and 20℃ was investigated by X-ray diffraction. Transition to the β-form of LT-Fat with shearing was retarded compared with that without shear. SEM revealed that with shearing, LT-Fat built complex networks involving both fine reticulation and a tight structure, whereas without shearing, the structure was nearly uniform. These results suggest that the non-uniformly network achieved by shearing could suppress the localization of specific triacylglycerides, preventing transformation into the β-form.
Introduction
The crystallization behavior of triacylglycerides (TAGs) is a very important factor determining the physical properties, such as consistency and plasticity, of fat food products, such as margarines, fat spreads, and shortenings. Semi-solid fats, the chief components of such fat products, include highmelting fats that form crystal network structures of the β′-form. The structures provide the products with desirable rheological and textual properties (deMan and deMan, 1994, Rousseau et al., 1998) due to the optimal crystal morphology and fat crystal lattice of the β′-form. The β-form, which is the most stable crystal form, tends to give large, plate-like crystals, causing rather exacerbated macroscopic features.
Palm oil is increasingly used as an alternative to the conventional partially hydrogenated fats, including trans-fatty acids in oil and fat food products. It is also a successful fat and oil resource because of its heat stability, physical characteristics, availability, and price competitiveness. However, when palm oil is used in margarine and fat spread, granular crystals are often generated, causing deterioration of the margarine. This is a serious problem in the abovementioned fat foods for which softness and good spreadability are essential features. Many studies were conducted to clarify the mechanism of granular crystal formation in palm oil-based products. They have suggested the possibility of a relationship between the transformation to the β-form and the formation of granular crystals in margarine (Ishikawa et al., 1980 , Watanabe et al., 1992 , Miura and Konishi, 2001 , Sato 2001 , Walstra et al., 2001 , Tanaka et al., 2007 , Tanaka et al., 2009 . Information on crystallization behavior, including the polymorphic transition, is therefore important for the fat food industry.
Another major interest that has developed is on the crystal networks associated with the composition, kinetics, microstructure, fractal analysis, rheology, and morphology of TAGs. Haighton proposed a structural model of margarine consisting of two different types of network as depicted in Fig. 1 (Haighton, 1976) . The first is a strong network formed from relatively large crystals and the second is a weak network formed from tiny, porous crystals. The former is recognized as primary bonds due to van der Waals attraction and the latter as secondary bonds (Walstra et al., 2001) . Crystallization and the subsequent network formation are sensitive to technological parameters such as temperature, shear force, and composition of the fat phase. Extensive research has been conducted on the effect of shearing during processing on polymorph structure (Johansson and Bergenståhl, fat blend was loaded onto a glass plate cell (20 mm × 20 mm; depth, 0.5 mm) for X-ray diffraction (XRD), held at 80℃ during loading, and maintained at 5℃ or 10℃ immediately after loading. After 2 min of cooling, the fat blend was crushed in the perpendicular direction by hand using a quadratic metal prism with a smooth surface of 4.0 × 10 -4 m 2 .
This cooling rate was adequate because of the thinness of the sample. In this method, the applied load was approximately 29 N (i.e., the applied stress was 74 kPa) for both LT-and HT-Fat blends under both temperature conditions of 5℃ and 10℃. The load value was measured using an electronic balance EP-12KA (A&D Company, Ltd., Tokyo, Japan). All samples were stabilized at 5℃ for 1 day after crushing and then stored under a temperature cycling process (described below). Only a compression force was applied to fat blends in this method; however, we also attempted to apply a pseudo and/or simplified shear force in this method to collapse crystals generated during cooling. Syringe-extrusion method In the syringe-extrusion method, a 2-mL glass syringe was filled with a mixed fat blend and held at 80℃ before cooling. For rapid cooling, the syringe filled with the fat blend was covered with iced water for 2 min, held at 5℃ for 1 h, and then sheared by extruding 1995, Mazzanti et al., 2003 , Mazzanti et al., 2005 , Sonwai and Mackley, 2006 , De Graef et al., 2009 , Tarabukina et al., 2009 ; however, most of the research was focused on the effect of shearing on initial crystallization behavior. Commercially distributed fat food products are required to maintain their quality over weeks to months. Therefore, improved knowledge on the changes in polymorphic behavior induced by shearing in long-term storage will be beneficial for fat food processing technology, especially with regard to developing a new palm oil-centric production theory in place of the conventional hydrogenated fat-centric theory. Thus, assuming the use of a pin machine in the margarine manufacturing process, the main purpose of the present study was to clarify the relationship between the networks occurring in fat blends and the effect of shearing on the polymorphic transition during month-scale storage periods, focusing on the fat/ oil phase exclusive of the water phase.
Materials and Methods
Preparation of fat blends Two different palm oil-based fat blends were used in the present study. The first was a fat blend with lower trans-fatty acid content (LT-Fat) and the second was a fat blend with higher trans-fatty acid content (HT-Fat). HT-Fat had a typical formulation of conventional fat products, such as margarines, fat spreads, or shortenings, using hydrogenated oils. Table 1 shows the formulations, TAG compositions, and fatty acid compositions of the two fat blends. These ingredients were mixed and melted at 80℃ for 1 h to erase any crystals. Then, compression by the flatcrush method or shearing by the syringe-extrusion method was applied to each blend. We examined two different cooling approaches in each method.
Flat-crush method In the flat-crush method, a melted M. konno et al. Circles: water, needles: crystals with primary bonds, platelets: crystals with secondary bonds, gray background: oil. of the crystal polymorph. All measurements were performed within the period at 5℃ during the temperature cycle process between 5℃ and 20℃, and the sample was held at 5℃ during measurement to prevent the crystal from transforming or melting. XRD analysis was performed in duplicate, and the reproducibility of the data was confirmed for all measurements.
Observation by polarized light microscopy Approximately 50 mg of fat blend was placed on a cooled glass plate and covered with a cover glass. The sample was pressed onto the cover glass until the sample layer was thin enough to observe the crystals. To keep the sample thickness constant and prevent crystals from collapsing, cover glasses with ca. 30 μm thickness were used as spacers (Yuki et al., 1990) . A Microphot-FX polarized light microscope (PLM) (Nikon, Tokyo, Japan) was employed. Image analysis software (Azoukun; Asahi Kasei Engineering Co.; Tokyo, Japan) was used to calculate the crystal size from two representative images of each sample.
Cryo-scanning electron microscopy with detergent washing To observe solid fat networks in the initial state, we used cryo-scanning electron microscopy (SEM) with removal of the liquid phase from the fat blend using sodium dioctylsulfosuccinate (AOT), based on the method of Heertje and Leunis (Heertje and Leunis, 1997) . A glass plate loaded with a 0.5-mm-thick layer of fat blend was soaked without stirring in 2% AOT solution for 48 h at 5℃. After decanting the floated liquid phase, the solid phase left on the glass plate was placed on the sample stage for SEM observation. This stage set was soaked in liquid nitrogen at − 196℃ and immediately placed in a sample chamber for sublimation, which was performed at − 75℃ until no visible ice crystals or frosts remained on the microstructure. After sublimation, the samples were sputter-coated with gold and observed under a Cryo-SEM S-4300 (Hitachi High Technologies Corp., Tokyo, Japan). An accelerating voltage of 3 kV was used with magnification of 1000 ×. The images shown are typical for all samples examined.
Determination of solid fat content Different cooling rates or degrees of undercooling lead to differences in solid fat content (SFC) and crystal size (deMan, 1964 , Campos, Narine, et al., 2002 ; thus, the degree of shearing would probably depend on SFC or crystal size. SFC was measured to evaluate the crystal state just before shearing using the same temperature program as that used for sample preparation just before the shear application. Glass NMR tubes (diameter, 8.3 mm) were filled with the sample fat blend to a height of approximately 40 mm. Before measuring SFC, tubes containing the samples were first heated to 80℃, followed by cooling using the same approach as for fat blend the fat blend in the syringe using a texture analyzer (TA-XT2i; Stable Micro Systems Ltd., Godalming, UK). The cross-sectional area of the syringe was 1.0 × 10 -6 m 2 . For slow cooling, the fat-filled syringe was placed in a temperature-controlled chamber and programmatically cooled to 5℃ at a constant rate of 0.167℃/min and held at 5℃ for 1 h followed by shearing using the texture analyzer as described above. The piston moved in the vertical direction at a fixed speed of 1.0 mm/s, and the extrusion load value was approximately 16 N for rapidly cooled LT-Fat, 5.5 N for slowly cooled LT-Fat, 35 N for rapidly cooled HT-Fat, and 27 N for slowly cooled HTFat (i.e., the applied stresses were 15 MPa, 55 kPa, 350 kPa and 270 kPa, respectively). These values were average values at a stable load area, obtained from the texture analyzer. As described for the flat-crush method, all samples were stabilized at 5℃ for 1 day after shearing and then stored under a temperature cycling process (described below).
Fat blend samples without shearing were prepared by the same cooling approaches in both methods.
Temperature cycling process used to accelerate polymorph transformation After stabilization at 5℃ for 1 day, all samples were stored in a programmable incubator MIR-553 (Sanyo Electric, Osaka, Japan) under a temperature cycling process of 5℃ for 12 h and 20℃ for another 12 h throughout storage. This cycle was reported to accelerate polymorph transformation (Miura and Konishi, 2001) .
Triacylglyceride and fatty acid composition The TAG and fatty acid compositions were determined by gas chromatography. The TAG composition was determined as follows. Approximately 30 mg of fat was weighed into a 2-mL vial (Alltech Japan, Tokyo, Japan) and dissolved in 1 mL of nhexane. Gas chromatography was performed using a 6890N Network GC System (Agilent Technologies, Inc., Palo Alto, CA, USA) with a DB-1HT column (Supelco, Inc., Bellefonte, PA, USA) and equipped with an frame ionization detector (FID) operated at 300℃. The injector port temperature was 250℃, and runs were performed by ramping from 300℃ to 350℃ at 2℃/min after initial holding for 15 min at 300℃. Fatty acids were determined according to the AOCS method Ce 1c-89 (Erickson, 1993 ) using a 6890N Network GC System (Agilent Technologies) with a SP-2560 column (Supelco) and equipped with an FID operated at 300℃. The injector port temperature was held at 250℃, and analysis was performed by ramping from 180℃ to 200℃ at 2℃/min after initial holding for 45 min at 180℃.
X-ray diffraction measurement
To analyze time-dependent changes in polymorphs during storage, we performed X-ray diffraction (XRD; Rint-Ultima 2000, CuK α : λ = 1.54 Å; Rigaku, Tokyo, Japan) to measure the wide angle diffraction pattern (2 θ = 18° − 25°) and to obtain the short spacing 0.42 nm) obtained from the XRD spectra . Typical XRD spectra in which the relative β-form percentages were 35% and 46% are shown in Fig. 2 . From these spectra, changes in the amount of β-form, ranging from 29% to 47% gain in the present study, would be adequately detectable. It would be inappropriate to quantify the mass ratio of these polymorphs by the flat-crush method because the proportion factors between the X-ray intensity and mass fraction for each reflection are different. However, because the ratio of factors may be constant, the trends represented in the figure will be the same, even if their numerical values differ. Figures 3a and b show the percentage of β-form in the samples prepared by the flat-crush method at 5℃ and 10℃, respectively. An increase in the percentage of the β-form in LT-Fat with increasing storage period was observed (Fig. 3a) . The percentages of β-form in LT-Fat preparation just before shearing. In particular, as equivalent to the temperature history of the flat-crush method, NMR tubes filled with sample were stabilized at 5℃ or 10℃ for 2 min, and as equivalent to the temperature history of the syringe-extrusion method, the tubes were chilled with iced water for 2 min then placed at 5℃ for 1 h or placed in a temperature-controlled chamber, programmatically cooled to 5℃ at a constant rate of 0.167℃/min, then maintained for 1 h at 5℃. The final temperature for each cooling method, i.e., 5℃ or 10℃, was considered as the measuring temperature. Measurements were performed by pulsed nuclear magnetic resonance (pNMR) using a Bruker minispec mq 20 series NMR analyzer (Bruker Optik GmbH, Ettlingen, Germany). SFC analyses were performed in duplicate, and the reproducibility of the data was confirmed for all measurements. Heat transfer in the glass plate cells for the flat-crush method or in the syringes for the syringe-extrusion method should be different from that in the glass tubes for NMR; however, it is desirable to avoid the influence of placing a fat blend sample from a syringe or a cell into a tube on crystal state. In addition, the actual temperature in the NMR tube during cooling was almost the same as that in the syringe or cell, so any difference in heat transfer would be of little consequence.
Results and Discussion
Time dependence of polymorph transformation of fat blend with flat-crush compression The time dependence of polymorph transformation of LT-Fat and HT-Fat with and without compression under the temperature cycling process was evaluated. Quantitative evaluation of the β-form was based on the ratio of the peak height of the β-form (0.46 nm) to the sum of the β-form (0.46 nm) and β′-form (0.38 and M. konno et al. percentage of β-form in HT-Fat during storage. The percentage of β-form in LT-Fat samples sheared after rapid cooling was lower than that in samples sheared after slow cooling. Overall, the percentage of β-form increased with increasing number of storage days in LT-Fat, but remained low in HTFat. In addition, the effect of shearing was mainly apparent in LT-Fat. Changes in polymorph transition in HT-Fat during storage were similar with and without shearing. The tendencies described above were apparent for all temperature programs of sample preparation and cooling rates. It appears that compression or shearing is more effective in fat blends with higher SFC than in those with lower SFC. SFC values of fat blends that were cooled preparatory to compression or shearing are shown in Table 2 . The table shows that in the flat-crush method, fat blends cooled to 5℃ had higher SFC values than those cooled to 10℃, and in the syringeextrusion method, fat blends cooled slowly had lower SFC values than those cooled rapidly. Figures 3 and 4 indicate that the transition to the β-form in samples held at 5℃ in the flat-crush method or cooled rapidly in the syringe-extrusion method was slower than that of samples held at 10℃ in the flat-crush method or cooled slowly in the syringe-extrusion method. Thus, intensified compression or shearing prevents samples with compression at 5℃ after 28 and 84 days were lower than those in samples without compression. Suppression of polymorph transformation by compression was observed in the samples prepared at 5℃ and 10℃. In contrast, changes in the percentage of β-form in HT-Fat samples during storage were small. This result was due to the acceleration of polymorph transformation by 1,3-dipalmetoyl 2-oleoyl glycerol (POP) in palm oil, as shown in previous reports (Ishikawa et al., 1980 , Watanabe et al., 1992 , Miura and Konishi, 2001 . The percentage of β-form in samples prepared at 10℃ was higher than that in samples prepared at 5℃ at 14 days; however, the percentages reached similar levels after 28 days. These results show that polymorph transformation from the β′-form to the β-form was influenced by the temperature at which the sample was prepared. Figure 4 shows the percentages of β-form in samples prepared by the syringe-extrusion method. An increase in the percentage of β-form in LT-Fat with increasing storage period was observed (Fig. 4a) . The percentage of β-form in LT-Fat samples with shearing was lower than that in samples without shearing. In comparison, only small changes were observed in the Effect of Shear on Crystallization of Fat Table 2 . Solid fat content (%) at the time of compression or shearing.
Time dependence of polymorph transformation of fat blend with the syringe-extrusion shear method
Flat-crush method LT-Fat cooled to 5℃ LT-Fat cooled to 10℃ HT-Fat cooled to 5℃ HT-Fat cooled to 10℃ 7.4 6.7 9.6 6.6 Syringe-extrusion method LT-Fat cooled rapidly LT-Fat cooled slowly HT-Fat cooled rapidly HT-Fat cooled slowly 12.2 8.5 28 19.2 6 (syringe-extrusion method). The crystal size was clearly reduced by compression in the flat-crush method and slightly reduced by shear in the syringe-extrusion method. The average crystal sizes in Fig. 5 calculated by image analysis were 1.98 μm for image a, 1.83 μm for image b, 1.90 μm for image c, and 1.86 μm for image d. The reduction in crystal size was greater for LT-Fat than for HT-Fat. This tendency is consistent with the transformation to β-form behavior described above. In light of the finding that compression or shearing had a greater effect on polymorphs in LT-Fat as described in the previous section, we wish to discuss LT-Fat here. PLM images in Figs. 5 and 6 indicate that crystal size in fat blends cooled to 5℃ in the flat-crush method and cooled rapidly in crystal transition. It is also worthwhile noting that the final β-form percentage was reduced to a low percentage with the syringe-extrusion method. Since the difference in heat transfer between the flat-crush and syringe-extrusion methods would affect initial crystallization, resulting in a higher SFC value for the syringe-extrusion method, the increased stress might restrain polymorphic transition to the β-form. The SFC values for HT-Fat had a similar tendency to that of LT-Fat, but the polymorphs remained in the β′-form throughout storage (Figs. 3 and 4) . Polarized light microscopy images of samples with compression or shearing PLM images of the initial state of fat blend samples are shown in Figs. 5 (flat-crush method) and mixed network of primary and secondary bonds could suppress the localization of specific TAGs (Fig. 8e) , hindering thermal transformation to the β-form (Fig. 8f) . Meanwhile, in HT-Fat networks, we did not observe transition to the β-form with or without compression or shearing. In HT-Fat, the crystal size without compression or shearing was already as small as LT-Fat crystals with compression or shearing (Figs. 5 and 6) , and the solid fat networks were in the form of thick fine corrugations, as indicated in Fig. 7 . Thus, the existence of fine reticulations in the primary bond network may inhibit the thermal transition of crystal polymorphs. We also found that the effect of compression on fat blends had a slightly lower, but similar tendency to that of shearing for the time dependence of polymorph transformation or for the reduction in crystal size. Considering the applied stress value of both methods, the shearing that was applied by the syringe-extrusion method might be greater than that by the flat-crush method. Two methods were applied in the present study to collapse fat crystals. The flat-crush and syringeextrusion methods are different from pin-machine mixing. These methods, however, could have a similar impact on fat blend, focusing particular attention on collapsing the solid fat crystal and/or its networks immediately after their formations. Shiota et al. recently reported that the transition to the β-form during storage was retarded by pin-machine shearthe syringe-extrusion method was smaller than that under the alternate conditions. Higher cooling rates and greater degrees of undercooling usually result in higher SFC and smaller crystals (deMan, 1964 , Campos et al., 2002 . If cooling to 5℃ in the flat-crush method is regarded as rapid cooling compared with cooling to 10℃, the results of the present study were similar to those reported previously (deMan, 1964 , Campos et al., 2002 .
Solid fat networks of samples with and without shearing Figure 7 shows SEM images of solid fat networks. In LTFat with shearing, the fat blend built complex networks that involved both fine reticulation and a tight structure, whereas fat blends without shearing showed a nearly uniform structure. In contrast, in HT-Fat, the fat blends formed a finely corrugated structure, and there was almost no difference between samples with and without shearing. The fat network of LT-Fat, but not that of HT-Fat, was significantly changed by shearing. Changes in the fat network structure associated with shearing may be related to polymorphic transfer in the palm oil-based fat blend with lower trans-fatty acids content.
Effect of shearing on crystal networks and mechanism of transition to β-form In LT-Fat networks, we observed that transformation to the β-form in crushed or sheared samples was inhibited. This phenomenon could be interpreted as follows. The crystal structure without compression or shearing would consist mainly of primary bonds (Fig. 8a) . The structure would be weaken by a temperature cycle (Fig. 8b) , leading to eccentric location of specific TAGs, and finally would undergo transition to the β-form (Fig. 8c) . In material subjected to compression or shearing, the primary bonds would be crushed into tiny crystals, followed by formation of a network of secondary bonds (Fig. 8d) . The non-uniformly Needles: crystals with primary bonds, platelets: crystals with secondary bonds, gray needles and platelets, b and e: melting crystals with primary and secondary bonds at a higher temperature, wavy fragments: crystals with transitioning to the β-form, gray background: oil. ing in bulk fat blend based on palm oil (Shiota et al., 2011) . This is consistent with the effect of lab-scale compression or shearing in the present study. The results described above also suggest that shearing, including pin-machine shearing in actual manufacturing process, could be modeled by simple compression like the flat-crush method in the current study, in the case of observing crystallization behavior during long term storage.
As mentioned at the beginning of the paper, there have been a number of recent reports on the crystallization of palm oil under shearing, and this subject has been well elucidated (Mazzanti et al., 2003 , Mazzanti et al., 2005 , De Graef et al., 2009 , Tarabukina et al., 2009 . However, the present study supplements these reports by providing further information on the long-term crystallization behavior of palm oil.
Conclusion
We demonstrated the effects of shearing on the polymorphic transition of palm oil-based fat blends during storage. The effect of shearing varies among fat compositions; palm oil or POP-rich blends are more susceptible to the effects of shearing than those rich in hydrogenated oils. Factors affecting changes in crystal polymorphs include differences in the crystal network depending on the constituents of fat and the degree of shearing that involves the influences of cooling. The findings of the present study provide practical information that will be useful for the optimization of processes, particularly for those involving the use of pin machines in the production of palm oil-based fat products such as margarines and shortenings.
